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Introduction
[2] The majority of the mechanical energy in the deep ocean is carried by subinertial currents with horizontal length scales of at least tens of kilometers and timescales of multiple days. The mechanisms by which this energy is dissipated, however, are poorly understood [Ferrari and Wunsch, 2009; Wunsch and Ferrari, 2004] . This has significance for the general oceanic circulation. A better understanding of the underlying mechanisms would allow us to locate mixing processes within the vertical water column, providing an important constraint on the meridional overturning circulation [Munk and Wunsch, 1998 ].
[3] The main source of energy for these currents is believed to be the time mean winds, but the amount of forcing of available potential energy and the inflow of energy at the lateral boundaries remains unquantified [Wunsch and Ferrari, 2004] ; consequently, we assess dissipation in the context of the wind-forcing, which is well-known and wellconstrained [Wunsch, 1998; Scott, 1999a Scott, , 1999b Hughes and Wilson, 2008; Scott and Xu, 2009] . Recent studies [Scott et al., 2011] have shown that dissipation in the southern hemisphere occurs primarily through topographic lee wave generation, but this is a comparatively small effect in the northern hemisphere; this lee wave generation dissipates only around 10% (8.1 GW) of the wind power input to the North Atlantic.
[4] Several mechanisms have been suggested for the removal of this energy from the oceans, which can be divided broadly into two main categories: instability and wave processes acting in the interior of the water column [e.g., Bühler and McIntyre, 2005; Molemaker et al., 2005; Zhai et al., 2010] and bottom boundary layer (BBL) drag processes [e.g., Weatherly, 1984; Sen et al., 2008; Arbic et al., 2009] . Suppression by the surface winds can also be included as a third category [Scott and Xu, 2009; Zhai and Greatbatch, 2007] , but is in practice already accounted for in the net input energy from the wind. This net input energy can be calculated using the method of Scott and Xu [2009] as around 80 GW for the North Atlantic basin as a whole.
[5] It has recently been shown that the removal of this energy in the northern hemisphere takes place primarily at the western boundary. Eddies propagate westward at the speed of Rossby waves [Chelton et al., 2007; Kanzow et al., 2009] leading to heightened eddy kinetic energy levels [Kanzow et al., 2009; Shum et al., 1990] and resulting dissipation [Arbic et al., 2009; Zhai et al., 2010] at the boundary, which is then lost to the system [Wunsch and Ferrari, 2004] . Zhai et al. [2010] , using a combination of models, satellite altimetry, and climatological hydrographic data, estimate a sink $22-39 GW for the Atlantic north of f = 10 due to a fluxof mechanical energy into the western boundary region, and speculate that this is due to excitation of turbulence in the interior of the water column, which would potentially make this turbulence available to drive abyssal mixing. However, there are alternative mechanisms which may better explain this loss. Arbic et al. [2009] , using the Parallel Ocean Program model, estimated a quadratic BBL dissipation sink of 28-69 GW in the shallow (<1000 m) North Atlantic and 48-120 GW in the North Atlantic at all depths, with a large proportion of this in the western boundary. These dissipation rates are large enough to account for the flux of mechanical energy into the western boundary layer estimated by Zhai et al. [2010] and suggest that this is an important contributing mechanism. If so, this would leave little if any of the 80 GW of the North Atlantic wind power input available to drive abyssal mixing in the important western boundary region [Scott and Marotzke, 2002] .
[6] By using a collection of ocean current time series derived from the oceanographic research programmes of multiple countries, we are able to experimentally quantify the energy lost due to dissipation of subinertial currents via quadratic BBL drag ('BBL dissipation') at the western boundary of the North Atlantic, and to contrast this with the equivalent values for the eastern boundary and with the results of previous studies.
Methods

Time Series Data
[7] Our time series data are derived from the Global MultiArchive Current Meter Database (GMACMD) [Scott et al., 2010 [Scott et al., , 2011 . This is a global collection of (at time of writing) approximately 47,000 physical oceanographic time series, primarily derived from ocean current meters, converted into a standard format.
[8] The current meters used for our analysis are those which fall within the geographic regions outlined below and within the bottom 10% of the ocean. Shelf regions, defined as those with a depth less than 100 m are excluded, as are current meters within 10 m of the ocean bottom. Meters with less than 30 days of data are excluded from our analysis; the bulk of time series are between six months and a year in length, with the longest lasting for slightly over three years. Many current meter moorings hold multiple meters at different depths; where this is the case, only the deepest current meter is considered. Six extreme-outliers, lying more than 5 standard deviations above the overall mean for both regions, have also been excluded from our analysis. All velocity time series used have been regularized to a common three-hour time step between measurements; series with either an irregular time step or a time step shorter than this have been averaged to this value, while series with a longer time step have been discarded.
Regions
[9] We define the eastern and western boundaries as the region within 700 km of the shoreline between 15 N and 60 N; this criterion maximizes available coverage of measurements, while still including regions with a sufficient range of depths to allow assessment of the eddy dissipation as a function of depth. We assess the western and eastern boundaries separately.
[10] Allowing for these and the above considerations, 402 time series (289 on the western boundary, 113 on the eastern boundary) are used. These locations are shown as crosses on Figure 1 ; their highly uneven distribution should be noted. Also shown on Figure 1 are the areas enclosed within one decorrelation scale d of these measurements (solid contours; see below). Currents within d ≤ 1 are assumed to be well-correlated with the values at the measurement location. Around 26% of the western and 20% of the eastern boundary regions are within d ≤ 1 of our measurements (see Table 1 ).
[11] The measurements used may exhibit a bias in their measured currents, and hence their BBL drag, due to their selection as places of interest for current measurements [Sen et al., 2008; Holloway et al., 2011] ; accordingly, the extrapolation beyond the directly-measured region is uncertain. Estimates in section 4.2 suggest a potential negative bias in BBL dissipation due to this extrapolation of 5-20% on the eastern boundary and a potential positive bias of 0-50% on the western boundary. Nevertheless, the values for d ≤ 1 can be considered to be accurate, and hence will form a sensible lower bound on the BBL dissipation.
Decorrelation Scales
[12] We define the longitudinal and latitudinal decorrelation scales d q and d f as [Ducet et al., 2000] where f is in degrees, and the vertical decorrelation scale as
where N is the Brunt-Väisälä frequency and f the Coriolis parameter. The calculations for d q and d f are the same in the cases we consider in this study, but differ at latitudes <14 ; we retain the two terms separately here to agree with Ducet et al. [2000] . Values of N are determined from the WOA2009 seasonal temperature and salinity climatology using equation 3.71 of Gill [1982] and averaged over the seasons, omitting negative values. The values for d q , d f and d z are then summed in quadrature to give an overall measure for decorrelation length d at a given point
where Df represents the latitudinal distance between the point and the meter in the same units as d f , etc. d is hence dimensionless.
BBL Dissipation
[13] BBL dissipation results from quadratic BBL momentum drag, parameterized as a term
where r = 1035 kg m À3 is the mean density seawater density, c d = 0.0025 is the quadratic bottom drag coefficient, u = (u, v) is the background flow velocity above the BBL, and H is the BBL thickness. Taking the inner product with u and integrating over H, we obtain the standard formula for quadratic BBL dissipation
To focus on the dissipation of the subinertial, essentially geostrophic, flow, D e , requires some care because of the nonlinearity of the dissipation on flow velocity. The formula for D e that retains the dissipation due to interaction between high and low frequencies, is
where 〈x〉 is the low-pass filter of time series x, here a Butterworth filter with 3-day cutoff. For interest we also isolated the dissipation due to interaction between high and low frequencies,
and found it to generally be around 15% of the D e in shallow seas where the tides were strong, and less in the deep ocean thus justifying the omission of this component of the dissipation in previous studies [Sen et al., 2008; Arbic et al., 2009] . 'D e ' indicates the total BBL dissipation measured in GW, 'A' indicates the total area in thousands of square kilometers, and 'Percent' indicates the proportion of the total area. Results are shown for distances within 1 decorrelation scale d of a current meter and extrapolated over the whole region. ) at each measurement location, and then extrapolate these values to cover the entire area on a regular 0.25 Â 0.25 grid. For each grid point, we assign a value of D e equal to the value of the nearest measurement, defined as that the smallest multiple of d away. This may not be the closest measurement geographically, as the calculation of d is z-weighted; accordingly, a measurement at a similar depth may be selected in preference to one geographically closer but at a very different depth.
Results
Geographic
[15] Figure 2 shows estimates for the BBL dissipation. The first key result observed is that estimated values are significantly lower in the eastern boundary region (Figure 2b ) than in the western boundary region (Figure 2a) . Values observed in the eastern boundary, with the exception of some small outlier regions around the British Isles which reach up to 50 mWm
À2
, peak at $10 mWm À2 , while values on the western boundary are larger in general, with an absolute peak near Florida at $80 mWm À2 , around 25 mWm À2 above the absolute peak on the eastern boundary. The highest values on the eastern boundary south of the English Channel reach no higher than 3 mWm À2 ; in contrast, high values are observed along the entire western boundary, with particular peaks around Florida, east of the coast of Labrador, and in the Gulf Stream near $(41 N, 52 W). These peaks are consistent with the effects of the strong western boundary current.
By Depth
[16] Figure 3 shows the same results, divided up by d (separate plots) and depth (horizontal axis, in 500 m bins). The wide bars show area, narrow bars total estimated BBL dissipation, and the line measured BBL dissipation per unit area D e . We also obtain summed values over all depths (Table 1) .
[17] Figures 3a and 3b show results for d ≤ 1, i.e., the region which should be well-correlated with our measurement locations, and hence the most confident results. We observe in both regions that the highest measured values of unnormalized BBL dissipation occur in the shallowest regions, with secondary peaks at high depths. In the western boundary this secondary peak is at depths below $3 km; this is consistent with the intense and more depth-independent flow of Gulf Stream eddies observed by Schmitz and Luyten [1991] , which presumably barotropise through nonlinear interactions. In contrast, the eastern boundary shows a much smaller secondary peak at depths below 4 km, with values otherwise declining with depth. Normalized dissipation shows high values at high depths on the western boundary, but as total area is small here compared to the shallower regions this makes a comparatively small contribution to the total. 15.0 GW is estimated for d ≤ 1 on the western boundary against 2.5 GW on the eastern; while the area within d ≤ 1 on the western boundary is around thrice that on the eastern, this is still a massive imbalance, consistent with the significantly greater energy loss expected at the western boundary.
[18] As discussed above, the results for d ≤ 1 provide an accurate lower bound on the BBL dissipation estimates, whereas our extrapolation from this value may be positivebiased: it is hence important to note that the estimated dissipation in this third of the total western boundary area region makes up nearly 70% of Zhai et al's lower bound of 22 GW. On this boundary, around 40% of the estimated dissipation is at shallow depths, <1 km; while there is substantial dissipation per unit area in the deeper regions, the actual area at these depths is small, leading to an overall contribution of around 30% of measured BBL dissipation in the western boundary from depths >4 km. This is not the case in the eastern boundary: while dissipation declines with increasing depth, there is no single depth range which dominates in the way we see in the west.
[19] Figures 3c and 3d show extrapolated results for the entire region on both boundaries. Distributions observed are broadly similar to those measured for d ≤ 1; in the eastern boundary, most BBL dissipation is in shallower regions, while in the western boundary there is a substantial secondary peak at high depth. Total BBL dissipation for the two boundary regions is again sharply different: for the alllocations case, BBL dissipation in the eastern boundary totals 9.3 GW compared to 47.0 GW for the western boundary. Given our estimated positive bias and their expected negative bias, this is comparable to the $22-39 GW estimated by Zhai et al. [2010] for the sink of subinertial current energy in the North Atlantic, and hence suggests that bottom boundary layer dissipation may be one of the dominant processes acting to dissipate these currents here. It also compares favorably to the results of Arbic et al. [2009] , with the two regions totalling 56.3 GW compared to their range of 48-120 GW for whole North Atlantic basin. Again, while there is a substantial secondary peak of D e , the bulk of the measured BBL dissipation is in the shallow regions, again consistent with Arbic et al. The proportion of dissipation in the extrapolated areas of the western boundary is broadly similar to that within d < 1, with around 50% at depths <1 km and around 10% at depths >4 km.
Discussion
Errors: Statistical
[20] For the directly-measured d ≤ 1 region, a statistical bootstrapping process [Efron, 1979] is used. This works as follows.
[21] For each individual time series, we compute ten-day non-overlapping means of the BBL dissipation D e . This criterion of ten days is determined by an analysis of the time taken for each series to auto-decorrelate: $90% of the time series auto-decorrelate within this time. We then select all grid points on our 0.25 Â 0.25 degree grid which lie within Figures 3a and 3c show the western boundary and Figures 3b and 3d show the eastern. Wide bars indicate area on the right-hand scale, narrow bars the total BBL dissipation on the inner left-hand scale, and the curve the BBL dissipation per unit area on the outer left-hand scale. Note the different scales on each figure. d ≤ 1 of a measurement location, and subdivide by depth; for each 500 m depth bin, we select all contributing time series, area-weight them appropriately, and then resample the mean of each ten-day-averaged area-weighted series one thousand times to obtain estimates of the BBL dissipation due to that series. For each of the thousand trials, we then sum over all the contributing area-weighted series, obtaining a distribution of one thousand total BBL dissipation values for each depth bin, and select the 95% confidence interval. This is indicated on Figures 3a and 3b by the whiskered lines for each dissipation bar. No uncertainty is indicated on the area bars as these values are well-known.
Errors: Extrapolation
[22] The bootstrapping method was not used for our extrapolation to the full area, as the effects due to statistical variability were considered to be less than the inherent uncertainty introduced to the extrapolation by the uneven distribution of the measurement locations. As such, statistically-derived uncertainties on these results would convey a false sense of the true uncertainty. Instead, to assess the biases on our extrapolation to the full area, comparisons were performed to ocean-bottom modeled currents (HYCOM) [Chassignet et al., 2007] and to surface current data obtained via satellite altimetry (Collecte Localisation Satellites) [Ducet et al., 2000] , using the same methodology as for the current meter analyses discussed above. These data are regularly-gridded over the whole basin, and should not suffer an especial bias toward any individual region. Thus, while there may be inherent differences in the magnitudes computed via these methods, the ratio between the total values for the measured and extrapolated areas is useful as an estimate of the bias introduced by the locations of our measurements. It should be noted that the satellite data is used solely to assess a proxy to the BBL dissipation based on surface currents, not a direct estimate of the BBL dissipation itself.
[23] Each data set was interpolated to the same 0.25 Â 0.25 degree grid used in our analysis, and the same spatial selection criteria (latitude and distance from coast) applied; mean dissipations for the region within d ≤ 1 of a current meter and the whole region were then computed and compared. Results were computed separately for the east and west boundaries as a ratio of the mean for the whole region to the mean for the region where d ≤ 1; a value less than 1 indicates that an extrapolation from d ≤ 1 to the whole region will be negative-biased and vice versa.
[24] For the eastern boundary, both the model and satellite studies suggest that our results slightly underestimate the result, with ratios of 1.0 and 0.8 for the satellite and model results respectively. This implies that values on the eastern boundary may be up to 20% higher than we estimate. For the western boundary, the results are slightly more divergent. The model gives a ratio of 1.0, while the satellite gives a ratio 1.5; that is to say, according to the model bias calculation, our extrapolation should continue to give an accurate result, while the satellite analysis suggests that we may be overstating the result by 50%. Examination of the results for the two data sets suggests that this is primarily due to a difference in the regions that dominate their speed distributions. For the satellite study, which uses surface data, the highest speeds on the western boundary are in the region where the Gulf Stream is separated from the continent, while for the model study, where the deepest model level was used, the highest velocities are recorded off the coast of South Carolina and Georgia in a region where our measurements are denser. Hence, our extrapolation bias on this boundary is expected to be better represented by the model analysis than by the satellite analysis, accordingly suggesting a bias toward the lower end of this distribution. In the text, however, we conservatively allow for the significant difference implied by the satellite results.
[25] For comparison, the model results estimate WBL dissipation as 33.6 GW and EBL dissipation as 1.4 GW, also highlighting the strong difference on the two boundaries. Satellite results are very different since they measure the much-faster surface currents, and are accordingly not presented.
Conclusions
[26] Based upon our results, we conclude that BBL dissipation is a major route for the dissipation of subinertial currents in the North Atlantic, with this energy primarily dissipated at shallow depths on the western boundary but also in significant amounts in deeper regions. Losses via this route potentially amount to 40-60% (31-47 GW) of the 80 GW input from wind working on the subinertial surface currents of the North Atlantic. We further estimate that around 40% of the western boundary BBL dissipation occurs in regions with seafloor depth <1 km of the ocean; depths <1 km comprise significantly more than half of measured dissipation in the western boundary. This is consistent with the substantial impact of current velocity on BBL dissipation, / u j j 3 ; midocean Rossby waves are surface-intensified and can thus propagate with little bottom dissipation, but when entering shallower regions, the resulting bottom velocities lead to very high dissipation. This has significant implications for mixing in the North Atlantic; energy dissipated in shallower regions will be unavailable for deep-ocean mixing, leaving the source of the power required to drive these processes ambiguous.
